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quantitatively the effect of external magnetic field configuration on the freezing dynamics of
single VCO droplets. The experiment was performed using combustion of a single droplet
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placed on a thermocouple that also functions as a temperature meter. To generate a flame,
Droplet Combustion, the droplet was heated using a heating element until it ignites. The VCO droplets were burnt
Flame Stability, under five conditions: without a magnetic field (WOM), and between two permanent
%’iﬁgcﬁjfj’}?wce magnets with four different pole configurations, attractive (N-S, S-N) and repulsive (N-N, S-
VCo. & ’ S). The observation included flame morphology, temperature profile, flame height, burning
rate, and ignition delay time. Results showed that the magnetic field significantly improves
combustion performance. The flicker instability due to buoyancy can be eliminated, while
the peak temperature increases from 761 °C in the WOM condition to 858 °C in the S-N
configuration. Furthermore, the combustion rate increased, and the ignition delay time
Corresponding Author: decreased from 4.99 s (WOM) to 3.43 s (N-S/S-N). Consistently, the attractive field
P< wigo@akabi.ac.id configuration (N-S/S-N) yielded the best performance. These findings confirm that the
(Wigo Winarko) magnetic field orientation serves as a key parameter to control the dynamics and enhance

the combustion intensity of biofuels.

1. INTRODUCTION

The global energy crisis and increasing climate change, primarily driven by the widespread use of fossil fuels, have
become challenges in science and technology. The use of petroleum and coal, which continues to increase every year,
is the main cause of high air pollution, carbon dioxide (CO:) emissions, nitrogen oxides (NOy), and fine particles that
have a negative impact on human health and global climate change (IEA, 2024; Wang et al., 2007). To prevent greater
impacts, alternative renewable energy sources are needed that are environmentally friendly, locally available and clean
pollution (Perdana ef al., 2018). Among several alternative energy sources being developed by several scientific
disciplines, biofuels or vegetable fuels are an alternative energy to reduce dependence on fossil fuels while reducing
greenhouse gas emissions (Leung ef al., 2010; Singh & Singh 2010). However, not all vegetable oils are suitable for
use as fuel due to production limitations and less than optimal combustion properties.

Virgin Coconut Oil (VCO) is a biofuel with several advantages when viewed from the perspective of availability,
physical and chemical properties of its components (Winarko et al., 2022). Based on data published by the FAO (Food
and Agriculture Organization of the United Nations), Indonesia is the world's largest coconut producer with a total
production of 17 million tons per year (Statista, 2025). This amount is very feasible if some of it is used for biofuel
needs. Based on its fatty acid composition, VCO is largely dominated by saturated fatty acids, which provide a high
flash point and oxidation stability (Ferreira de Souza et al., 2020). VCO is also dominated by lauric fatty acid, which
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significantly contributes to the stability and combustion efficiency of vegetable oils, making it suitable for application
as a fuel (Ma & Hanna 1999; Srivastava & Prasad, 2000). Furthermore, the use of VCO as an alternative fuel also
needs to be reviewed based on its physical properties. These physical properties significantly influence the flow
characteristics, atomization, and evaporation of droplets during combustion (Pham et al., 2020). This includes
viscosity and thermal stability, which influence combustion behavior. High viscosity tends to slow fuel atomization,
which can impact combustion rate and flame efficiency (Moser, 2009; Parveg & Ratner, 2025). Therefore, a thorough
understanding of VCO combustion characteristics is crucial for optimizing combustion performance and reducing
emissions during combustion (Abdul Malik et al., 2017; Sharma et al., 2021).

Droplet combustion is a method that can be used to determine the combustion characteristics of a fuel, both in
terms of its physical and chemical properties (Hoxie et al., 2014). Key parameters such as flame stability, flame
temperature, combustion rate, and ignition delay time, which determine the combustion quality of VCO, can also be
observed using the droplet combustion method (Zhu ez al., 2020). This is because these parameters are related to the
energy produced during combustion (Perdana et al., 2020). Ibadurrohman et al., (2022) stated that the length of the
ignition delay time of a vegetable oil is influenced by the length of the carbon chain and its saturation level. This is
because differences in carbon chains will result in different molecular reactivities when vegetable oil is exposed to
high temperatures (Marlina ef al., 2020). However, this process is also highly dependent on physical factors such as
droplet size and fuel evaporation rate, which are influenced by the fuel's viscosity, surface tension, and thermal
conductivity (San José Alonso et al., 2012). Therefore, understanding the chemical and physical properties of VCO is
crucial for developing efficient and environmentally friendly biofuels.

In addition to internal fuel factors, external influences, such as magnetic fields, on the combustion process have
begun to be widely studied. Several studies have shown that magnetic fields can alter the trajectories of electrons and
free radicals during combustion, thus affecting chemical reactions and flame behavior (Hu ef al., 2022; Pliss &
Soloviev, 2022). By altering the chemical reactions in the fuel, the magnetic field effect is expected to influence the
length of the ignition delay and increase flame stability (Agarwal et al., 2015; Jocher et al., 2017). Furthermore,
magnetic fields modify oxygen supply, reducing flicker frequency, and altering flame height and length (Xie et al.,
2021). The addition of a 5000 gauss magnetic field to a counter-flow burner can also increase flame area and stability,
as well as increase temperatures in premixed and diffusion flames (Khlaif ef al., 2023). The addition of a 4,000—
8,000G neodymium magnetic field to a single-cylinder engine has been shown to significantly reduce HC and NO
(Pramodkumar ef al., 2017). The addition of a magnetic field to the fuel line can also reduce NOy by up to 37% (Kurji
& Imran, 2018). However, most of this research has focused on fossil fuels and natural gas. To date, the influence of
magnetic fields on the combustion characteristics of liquid biofuels such as VCO, particularly at the droplet scale, is
still very limited and has not been systematically studied (El-Fakharany et a/., 2025; Kurji & Imran 2018;
Sidheshware et al., 2023).

Based on this gap, and based on the importance of fundamental understanding through the droplet combustion
method and the potential of magnetic fields in optimizing the combustion process, this study was conducted to
evaluate the effect of magnetic fields on the combustion characteristics of VCO droplets through flame visualization
analysis, flame temperature, combustion rate, flame height, and ignition delay time. This study is expected to be a new
scientific contribution because it is one of the first studies to integrate the physical and chemical aspects of VCO
combustion with the influence of magnetic fields. The results of the study are expected to not only enrich fundamental
knowledge in biofuel combustion technology but also open up opportunities for innovation in the use of magnetic
fields to increase efficiency while reducing emissions from biofuel combustion.

2. MATERIALS AND METHODS

The virgin coconut oil (VCO) used as fuel in this study was obtained from the extraction of coconut fruit and used
directly as fuel without undergoing transesterification or other chemical purification processes. To maintain the
chemical stability and purity of the VCO, the coconut fruit extraction process was carried out using a cold pressing
method. Analysis of physical and chemical properties including kinematic viscosity, density, flash point, pour point,
and fatty acid composition used as supporting data to analyze combustion characteristics can be seen in Table 1 and
Table 2.
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Table 1. Physical properties of virgin coconut oil

Properties Unit Method ASTM VCO*
Density at 15 °C (kg/l) Kg/l D1298 925.7
Viscosity Kinematics at 40 °C cSt D445 25.82
Viscosity Kinematics at 100 °C cSt D445 5.664
Flash point °C D93 309.5
Pour point °C D97 21

*Source: (Dedison & Ismet, 2022)

Table 2. Fatty acid composition of virgin coconut oil

Properties Unit Method ASTM VCO*
Saturated acid Caprylic acid CsHi602 7.4
Capric acid Ci0H2002 6.3
Lauric acid Ci12H2402 48.1
Myristic acid Ci4H2302 18.7
Palmitic acid Ci6H3202 9.1
Stearic acid CisH3602 2.6
Arachidic acid C20H4002 -
Unsaturated acid Oleic acid CisH3402 6.4
Linoleic acid CisH3202 1.4
Linolenic acid CisH3002 -
Eicosanoic acid C20H4002 -
Saturated acid 92.2
Monounsaturated acid 6.4
Polyunsaturated acid with two or more double bonds 1.4

To study the characteristics of micro combustion, a single droplet combustion system was used which was
assumed to be similar to the misting of a diesel engine nozzle. In the test, VCO droplets with a diameter of 0.79 — 0.82
mm were formed precisely using a micro pipette with a setting of 1.5 ul (4), then the droplets were placed at the
connection point between two 0.1 mm diameter k-type thermocouple wires (5). To ensure the diameter remained the
same, the diameter of each data produced was also measured using the Image J software. In addition to functioning as
a support for the droplets so they do not fall, the thermocouple also functions to read the flame temperature during the
test. The initial heating process during the test was carried out with the help of a nichrome heating element which was
placed directional under the droplet (3). As the main variable of the study, a magnetic field was applied to the
combustion area. Two permanent magnet bars were placed on the left and right sides of the droplet (1). The magnets
were placed on a holder to maintain a constant condition even though the field orientation changed (2). Details of the
position of each component can be seen in Figure 1.

1. Magnetic field
2. Magnetic holder
3. Heating element
4. Fuel droplet

5. Thermocouple

Figure 1. Details of magnetic field and droplet position
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Figure 2. Magnetic field orientation
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The magnetic field variable in this study was a 1.1 Tesla neodymium magnet with a pole spacing of 2 cm. As
shown in Figure 2, the magnetic field was configured in four different directions: North—South (N-S), South—North
(S—N), North—North (N-N), and South—South (S—S). The purpose of this configuration was to evaluate the effect of
magnetic field direction on flame morphology, combustion temperature, combustion rate, flame height, and ignition
delay time. To maintain the same magnetic strength for each variable, the magnetic field strength is checked using a
TD8620 gauss meter at each change in magnetic configuration.

To avoid external disturbances such as wind and changing weather, the thermocouple, magnet, and heater circuit
are placed in a 30 cm? enclosed space (5). This space is designed for quiescent conditions with an ambient temperature
as shown in Figure 3. To trigger the combustion process, an electric current is supplied through a DC power supply
with a predetermined voltage (6), so that heating can occur stably. This heater functions as an initial energy source that
heats the droplets until they reach the flash point. Meanwhile, to measure the flame temperature, a thermocouple
sensor is used which is connected to the AD8495 digital converter module (3) and the Arduino Uno microcontroller
(2). The AD8495 module functions as a converter of analog signals from the thermocouple into high-resolution digital
data, which is then read by the Arduino and sent to the computer (1) for real-time data recording. To ensure data
accuracy, each test was carried out 3 times on each research variable. In addition, the visual data collection process is
carried out using a high-speed camera (4) directed perpendicular to the droplet to record the flame and analyze its
shape and stability.

7N
- |
\N_/

ﬂﬂé

@}%‘ 'g

Figure 3. Schematic droplet combustion experiment : 1. Computer, 2. Arduino Uno, 3. Module thermocouple AD8495, 4. High-
speed camera, 5. Combustion Chamber, 6. Power supply DC.

3. RESULTS AND DISCUSSION
3.1. Flame Evolution

Visual analysis of flame evolution is a fundamental step in understanding qualitative changes in combustion dynamics.
Figure 4 presents a comparison of flame evolution for the five experimental conditions. This figure clearly illustrates
that the presence and configuration of a magnetic field fundamentally alter the structure and behavior of the flame
compared to the condition without a magnetic field (WOM).

In combustion without the influence of an external magnetic field, the combustion process is strongly influenced
by the characteristics of the VCO fuel and natural fluid dynamics. As a biofuel, VCO, which is dominated by lauric
acid (C12:0), has high oxidative stability, which implies a greater activation energy to initiate the reaction. Once
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combustion occurs, the process is controlled by buoyancy forces. This slow natural convection flow causes the mixing
of fuel vapor and oxidizer to be inefficient. As a result, the combustion duration is the longest (2,340 s) and the flame
appears tall and yellowish, indicating incomplete combustion and soot production. Physically, the flame in the WOM
configuration shows instability characterized by an easily observed flickering phenomenon. This instability is most
clearly seen in the final stage of combustion. After the flame reaches its maximum height at 1,872 s, there is a drastic
reduction in flame height at 2,028 s, then appears to increase slightly again at 2,184 s before finally extinguishing.
This oscillatory behavior reflects the inherent hydrodynamic instability of the flow due to the dominance of buoyancy.
The interaction between the rising hot gas column and the surrounding cold air triggers the formation of vortices that
then periodically detach, resulting in fluctuations in the reactant supply and variations in the heat release rate. This
behavior contrasts sharply with the other four conditions (N-S, S-N, S-S, and N-N), where the flame gradually and
smoothly decreases until it goes out, indicating complete suppression of instability.

In contrast, in the N-S (Figure 4d) and S-N (Figure 4e) magnetic field configurations, the flame visualizations
exhibit strikingly contrasting characteristics. The flame appears much brighter, more focused, and has the shortest
lifetime (~2,028 s), qualitatively indicating the most significant increase in efficiency and combustion rate. This
improved combustion performance can be explained by two main mechanisms. First, the N-S and S-N configurations
create a concentrated magnetic field with the strongest gradient across the pole gap, effectively exerting a Lorentz
force on the charged particles in the flame and inducing a strong ionic wind toward the flame base. Second, and more
dominant, is the ability of this magnetic field gradient to draw paramagnetic oxygen (O2) into the reaction zone. This
phenomenon, known as magnetic convection, as described by Wakayama et al., (1996), drastically increases the
oxidizer supply. This increased oxygen flow, in turn, drastically accelerates the chemical reaction process, thereby
amplifying the intensity and accelerating the combustion dynamics.

Uy W W ey

( a) | 0 0,156 0,312 0,468 0,624 0,780 0,936 1,092 1,248 1,404 1,560 1,716 1,872 2,028 2,184 2,340 s

]

RARARAANRN

y Vo

T "L\

\Vv

(b) 0,156 0,312 0,468 0,624 0,780 0,936 1,092 1,248 1,404 1,560 | 1,716 1,872 2,028 2,184 s
vANARANAARAARAARARAAARRARAN A N
£ \\ 8 \\ £
\‘/ﬂun/viiililﬂ'vv
(C) 0,156 | 0,312 0,468 0,624 0,780 0,936 1,092 | 1,248 1,404 1,560 l L716 | 1,872 2,028 2,184 s

UL e e

(d) 0,156 0,312 0,468 0,624 0,780 0,936 1,092 1,248 1,404 1,560 1,716 |,72 2,028 s

vvvuvwkuwi!vv

(e) 0,156 0,312 0,468 0,624 0,780 0,936 1,092 1,248 1,404 1,560 1,716 1,872 2,028 s

Figure 4. Visual flame evolution versus time in various magnetic field configurations and without magnet (a) Without Magnet
(WOM), (b) South-South (S-S), (¢) North-North (N-N), (d) North-South (N-S), (¢) South-North (S-N)
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In the repulsive magnetic field configuration N-N (Figure 4c) and S-S (Figure 4b), an increase in combustion
efficiency was observed, indicated by a shorter flame duration (~2,184 s) compared to the non-magnetic condition
(WOM), although it was still not as effective as in the attractive-magnetic configuration. The wider and less focused
flame morphology is a consequence of the field topology that tends to spread the paramagnetic oxygen flow towards
the outer side of the droplet.

This occurs due to the outward-bowing topology of the magnetic field in the repulsive configuration. This field
shape creates a weaker magnetic field zone or even a null point directly above the droplet, so that the attractive force
on the paramagnetic oxygen is not concentrated. These results further confirm that the magnetic field, through its role
in manipulating the distribution of paramagnetic oxygen and the influence of the Lorentz force on charged particles,
has a direct impact on flame structure, stability, and efficiency. These findings, particularly regarding the complete
suppression of hydrodynamic instability by the magnetic field, confirm the results found by (Perdana et al., 2022),
although their study was conducted on the combustion of coconut oil premix. This indicates that the mechanism of
flame stabilization by magnetic fields is a fundamental phenomenon applicable to various types of fuels.

3.2. Flame Temperature

The temperature profiles during the observations for the five experimental conditions, measured using K-type
thermocouples, are shown in Figure 5. This data analysis not only validates the findings from the visual analysis
results, but also provides deeper quantitative insights into the thermal effects of each magnetic field configuration.

This analysis confirms that all magnetic field configurations consistently produce higher peak temperatures
compared to the no magnetic field (WOM) condition. Specifically, the peak temperature sequence obtained is: S-N
(858 °C) > NS (810 °C) > SS (790 °C) > NN (775 °C) > WOM (761 °C). In addition, the heating dynamics also
undergo significant changes. The temperature curves in all magnetic conditions show a faster rate of temperature
increase and a shorter time to reach the peak, in contrast to the WOM case where the increase is slower and only
reaches the peak at 6.7 s. The observed temperature increase is generally a direct thermodynamic consequence of the
increased oxidizer supply to the reaction zone, a mechanism that has been explained in the discussion of flame
visualization. The forced convection flow generated by the paramagnetic force on molecular oxygen (O-) significantly
enriches the oxidizer concentration around the droplet. This condition drives the fuel-air ratio closer to the
stoichiometric composition, resulting in a more perfect and efficient combustion process, as explained by the
following reaction. This higher rate of energy release per unit time is what is measured as an increase in the overall
flame temperature.

Ci12H240,+170; — 12C0O2+12H,0 + heat D

The difference in peak temperatures between magnetic configurations can be explained by variations in the oxygen
flow topology formed by the influence of the magnetic field. The highest temperatures achieved in the N-S and S-N
configurations are a consequence of a more focused and concentrated oxygen supply mechanism. The strong field
gradient between the pole gaps produces a jet-like oxygen flow directed directly into the flame core, thus creating a
reaction zone with a very high energy density. In contrast, the relatively lower peak temperatures in the S-S and N-N
configurations result from a more diffuse oxygen distribution to the outer part of the flame. While still significantly
improving combustion efficiency, this wider reaction zone geometry has a larger surface area, thus increasing the
potential for heat loss to the environment and lowering the peak temperature compared to the N-S/S-N case.

The performance differences between the S-N (858 °C) and N-S (810 °C) configurations, which are also observed
for the S-S and N-N configurations, cannot be explained solely by paramagnetic effects, which are essentially
identical. These subtle but consistent variations are a quantitative indication of second-order physical mechanisms,
namely the Lorentz Force and ionic wind. As mentioned previously, the direction of the ionic wind vortices within the
flame is opposite between the S-N and N-S configurations (Perdana ef al., 2020). These different vortex orientations
interact differently with the main fuel and oxygen streams, resulting in small variations in mixing efficiency at the
microscale. Temperature data indicate that in this study the S-N configuration creates more optimal mixing conditions
than the NS configuration, ultimately resulting in greater energy release and higher peak temperatures.
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Figure 5. Flame temperature versus time at various magnetic field configurations and without magnet

3.3. Flame Height

To complement the morphological analysis, the evolution of the flame height during the combustion process was
measured quantitatively and is shown in Figure 6. These data provide important insights into the flame dynamics that
are not fully visible from visual observations. At the initial ignition (¢ = 0), the S-S and N-N field configurations
produced the highest initial flame heights (7.74 mm and 5.52 mm), while the condition without a magnetic field
(WOM) produced the lowest (2.57 mm). This phenomenon is the influence of the magnetic field on the formation of a
reactive mixture cloud during the pre-combustion phase. In S-S/N-N, the paramagnetic oxygen flow that spreads
around the droplet expands the reaction with the fuel vapor, resulting in a higher initial ignition. Conversely, in N-S/S-
N, the more focused oxygen flow keeps the vapor cloud more concentrated, resulting in a lower initial flame height. In
WOM, the absence of a magnetic field makes the fuel vapor diffusion slow, resulting in a smaller cloud and the lowest
initial flame. Thus, the initial flame height reflects the mass transfer conditions in the pre-combustion phase, not the
steady-state combustion dynamics. Interestingly, although SS and N-N produced the highest initial flame, the
maximum flame height was achieved by WOM (16.58 mm). Meanwhile, N-S (16.42 mm) and S-N (16.29 mm)
produced peaks nearly equivalent to WOM, while SS (14.70 mm) and N-N (14.40 mm) produced the lowest peaks.
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Figure 6. Flame height versus time at various magnetic field configurations and without magnet
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This difference in flame height can be understood through the temporal dynamics of energy release. In the push-
pull configurations (N-S and S-N), the supply of paramagnetic oxygen is consistent and intensive, resulting in very
vigorous combustion within a short period. The rapid and massive energy release generates a vertical thrust that
prolongs the flame momentarily. However, the high reaction rate also accelerates fuel consumption, resulting in a
more rapid flame extinction. Thus, although the N-S/S-N configuration is capable of achieving maximum flame
height, the resulting flame duration is relatively short.

In contrast, in the S-S and N-N configurations, the more diffuse oxygen distribution due to the outward curved
field topology results in a more moderate heat release rate and is distributed over a wider basal reaction zone. The
released energy is not concentrated on the vertical axis, but rather distributed across a wider basal reaction zone. This
energy distribution suppresses the formation of a strong vertical flame column, resulting in a lower flame. This
characteristic aligns with its bell-shaped visual morphology. In the WOM case, the dominance of slow buoyancy
forces allows the flame to grow vertically longer before reaching the apex, resulting in a maximum flame height and a
more towering visual impression.

Flame height analysis shows strong consistency with previous temperature data. The highest temperature peak in
the N-S/S-N configuration coincides with the steepest flame height increase, both indicating the greatest energy
release. Furthermore, the rapid decline in the N-S/S-N flame height after reaching the peak qualitatively indicates a
very high burning rate. These parameters will be further analyzed quantitatively in the next section.

3.4. Burning Rate

The combustion rate is one of the most important quantitative parameters in the study of droplet combustion, as it
directly reflects the efficiency and speed of fuel consumption. The combustion rate was determined by observing the
evolution of the droplet diameter during the combustion process, then applying it to the d-squared law, which has long
been recognized as a classical model for describing the phenomena of droplet evaporation and combustion.

&) =1-% ®)

where d is the droplet diameter at time ¢, Dy is the initial droplet diameter (¢ = 0), ¢ is combustion time, and K is

. . . . . d\? .
evaporation constant. The value of K is obtained from the negative slope (gradient) of the plot of (D—) versus time.
0

The steeper the slope of the line formed, the greater the K value, which means the combustion rate is faster. In other
words, this parameter not only provides a quantitative description of the speed of droplet exhaustion but also serves as
a fundamental measure for comparing combustion efficiency under various experimental conditions.

The analysis results of the plot in Figure 7 clearly show that all magnetic field configurations provide a significant
increase in the combustion rate of VCO droplets compared to the condition without a magnetic field (WOM). Based

2
on the decreasing gradient of the curve (Di) , the order of combustion rates from highest to lowest is: (N-S = S-N) >
0

S-S > N-N > WOM. This finding also serves as a final quantitative validation of the qualitative observations (flame
duration) and thermal analysis (temperature) that have been described previously.

This discussion of results directly summarizes and integrates all previous findings into a cohesive narrative. The
highest combustion rates in the N-S and S-N configurations are a direct consequence of the focused and efficient
paramagnetic oxygen supply mechanism, which simultaneously results in the highest flame temperatures. These high
temperatures significantly intensify the rate of heat feedback, both by conduction and radiation, from the flame to the
droplet surface. This increased heat feedback accelerates the fuel evaporation process, thereby increasing the rate of
release of combustible fuel vapor, which in turn accelerates the overall droplet diameter shrinkage rate. This positive
relationship between flame temperature and combustion rate constant is consistent with findings in the droplet baking
literature (Law, 2006). Therefore, the N-S and S-N configurations produce the highest combustion rate constants (X)
compared to other conditions.

The measured intermediate burning rates in the S-S and N-N field configurations also show full consistency with the
morphological and thermal analyses discussed previously. In these conditions, the peripherally driven oxygen supply
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Figure 7. Burning rate versus time in various magnetic field configurations and without magnet

does increase efficiency compared to WOM, but not as intensively as the focused oxygen supply in the N-S/S-N
configuration. This wider oxygen distribution results in a lower peak temperature, thus reducing the rate of heat
feedback to the droplet surface. Consequently, the burning rates in the S-S and N-N cases fall between those in the
WOM and N-S/S-N conditions. Conversely, the lowest burning rate in the WOM case is solely due to the very slow
natural convection mechanism. This condition results in the lowest flame temperature, the weakest heat feedback, and
the slowest fuel consumption rate.

The measured intermediate burning rates in the S-S and N-N field configurations also show full consistency with
the morphological and thermal analyses discussed previously. In these conditions, the peripherally driven oxygen
supply does increase efficiency compared to WOM, but not as intensively as the focused oxygen supply in the N-S/S-
N configuration. This wider oxygen distribution results in a lower peak temperature, thus reducing the rate of heat
feedback to the droplet surface. Consequently, the burning rates in the S-S and N-N cases fall between those in the
WOM and N-S/S-N conditions. Conversely, the lowest burning rate in the WOM case is solely due to the very slow
natural convection mechanism. This condition results in the lowest flame temperature, the weakest heat feedback, and
the slowest fuel consumption rate.

Overall, the results of this combustion rate analysis provide quantitative validation that concludes the entire
discussion. It is evident that the flame morphology modulated by the magnetic field is a visual representation of the
oxidizer supply efficiency, which then determines the flame thermal environment, and ultimately controls the fuel
consumption rate. The consistent cause-and-effect relationship between these three parameters results in a
comprehensive understanding of the combustion mechanism of VCO droplets under the influence of a magnetic field.

3.5. Ignition Delay Time

From the measurement results in Figure 8, it can be seen that the configuration (WOM) produces the longest ignition
delay time (IDT), namely 4.992 s, while the S-N and N-S configurations are able to accelerate ignition to 3.432 s.
Meanwhile, the S-S and N-N configurations showed an intermediate IDT, which was 3.9 s. This difference confirms
the significant role of the magnetic field in modifying the initial dynamics of the chemical reaction in droplet
combustion. In the WOM condition, the ignition process is slower because the oxygen supply around the droplet relies
solely on natural diffusion. In addition, the high viscosity of VCO causes the transport of fuel vapor to the oxidation
zone to be slow, so the buildup of the reactive mixture required for flame initiation is delayed. These factors explain
why the WOM has the longest IDT compared to the configuration with a magnetic field.

In contrast, in the S-N and N-S configurations, the magnetic field operates in an attractive mode, creating a strong
flux gradient around the droplet. This condition accelerates the migration of paramagnetic oxygen molecules while
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simultaneously influencing the movement of free radicals during the pre-ignition phase. This accelerated transport of
oxygen and fuel to the reaction zone triggers the faster formation of active radicals (OHe and He), so that the initiation
reaction proceeds with high efficiency. As a result, the IDT is significantly reduced to 3.432 s, indicating an
accelerated ignition process due to the dominance of the oxidizer supply mechanism and the intensification of the
initial reaction kinetics.

For the S-S and N-N configurations, the magnetic field operates in a repulsive mode, resulting in a diffuse flux
distribution pattern and a stagnation area around the droplet. This condition reduces the efficiency of oxygen and fuel
mixing because the paramagnetic oxygen flow is more dispersed to the periphery, not as effective as the focused
supply in the S-N/N-S case. As a result, although the IDT is accelerated compared to the WOM condition, its value is
only at an intermediate level (3.9 s). Overall, these results confirm that the S-N/N-S configuration provides the most
optimal conditions for accelerating the ignition of VCO droplets, in line with the principle of magnetohydrodynamics
(MHD) which explains that magnetic fields are able to accelerate the dynamics of charged particles and improve
initial mixing in liquid combustion systems.
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Figure 7. Ignition delay time for various magnetic field configurations and without magnet

4. CONCLUSIONS

This study demonstrates that the application of an external magnetic field significantly improves the combustion
performance of a single-droplet VCO. This improvement is evident through the suppression of flickering instability, an
increase in peak temperature up to 858 °C, an acceleration of the combustion rate, and a shortening of the ignition
delay time. Furthermore, the magnetic field topology is proven to be a crucial controlling parameter, where the
attractive-attractive (N—S/S—N) configuration consistently shows the most optimal performance compared to the
repulsive-repellent configuration.
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